The relative cost-benefit of alternative methods for rehabilitating blacklip abalone (Haliotis rubra) reefs depleted by viral ganglioneuritis was evaluated using quantitative population and bio-economic modeling. Fishery assessment models were adapted to describe population dynamics and economics of reseeding, translocation, and natural rebuilding. Past and current literature on reseeding, translocation, and mortality rates informed a stakeholders' workshop that agreed on the parameters for the analysis. Comparative economic performance was quantified as the impaired value of the individual transferable quota from the area until the stock recovered to the level of maximum sustainable yield, as it was prior to the abalone viral ganglioneuritis impact. When the cost of capital is considered, none of the intervention scenarios produced any cost-benefit above that estimated to accrue from an unfished natural recovery. The translocation of adults and reseeding of juveniles were found to be similarly effective largely due to the productivity of the assumed stock-recruitment relationship at low stock densities. Across the scenarios, translocation was estimated to always at least pay for direct costs but rarely covered capital costs while reseeding only covered direct costs if the price of abalone was >$25/kg and seed was <$0.50 per individual. When a depensatory form of stock-recruitment relationship, related to adult biomass, was assumed, translocation was estimated to be an order of magnitude more effective due to the time required to augment the breeding biomass with reseeded juveniles.
INTRODUCTION
Despite large investments in assessment, management, and sea ranching, global annual production from the wild has declined from around 29,000 t in 1969 to below 10,000 t in 2003 (Prince, 2004) . Australia has the largest remaining commercial abalone fisheries, landing >5,000 t per annum. The Australian abalone fisheries are managed across five separate state jurisdictions and, within each jurisdiction, several regional fisheries known as zones. The focus of this study is on the Victorian commercial dive fishery targeting blacklip abalone (Haliotis rubra). In 1968, the Victorian abalone fishery was divided into three management zones (eastern, central, and western) . The number of commercial divers in each zone was limited to those active through the natural beds, apparently causing total mortality in some parts but leaving other nearby populations apparently unaffected and un-infectious, at a broader scale mortality rates varied from >95-30% (Gorfine et al., 2008) . Following the epidemic, the Western Abalone Divers Association (WADA), the industry association for the Victorian western zone, initiated this study of the feasibility and relative merits of alternative methods for rehabilitating the most heavily impacted reefs. A quantitative stock assessment existed for the blacklip abalone (Haliotis rubra) stock on Kilarney Reef over which a mortality rate of 85-95% had been observed, and so it was selected as a case study for this cost-benefit analysis.
METHODS
An existing age and size (weight) based quantitative fishery assessment model was adapted to describe both the population dynamics and economics of reseeding, translocation, and naturally rebuilding. Blacklip abalone are relatively slow growing and late maturing; the assessment model assumes first maturity is attained during the 5th year of life, 100% maturity during the 10th, and the asymptotic weight of 0.47 kg in the 14th year of life. Reseeding was modeled as the addition of one-year old abalone subject to an initial year of higher than natural mortality, and translocation was modeled as the addition of 10-year-old abalone that were also subject to an initial mortality rate. The stock assessment suggests 100-200 t of adult biomass was lost due to the virus and that if managed optimally, the stock could produce about 33 t per annum, but that prior to the virus, the legal minimum length had been too large, reducing average yields to about 28 t/annum.
To inform the choice of critical parameters for the assessment, a workshop was held involving the main stakeholders; WADA members, abalone researchers, and the manager of the local abalone hatchery that would be likely be required to supply seed. Agreed estimates of mortality rates were informed by the literature on abalone reseeding, translocation, and natural mortality rates of wild abalone. Median estimates of the costs of seeding were provided by a local abalone hatchery. The cost of translocated abalone was based on expected market price. Out-planting costs were estimated by the workshop participants who included researchers with out-planting experience. The stakeholder's workshop agreed on the assumed costs associated with reseeding juveniles and translocating adults (Table 1) ; assumed mortality rates of wild, seeded, and transplanted abalone ( Table 2) ; and the matrix of parameter values to be analyzed ( Table 3) .
Because of the timeline of the disease event, scenarios were initially developed in the context of rehabilitation beginning after this analysis in 2010 and three years after the epidemic. In later scenarios, rehabilitation beginning in 2007 (the year after the epidemic) were also analyzed. 
Stock-Recruitment Relationship (SRR)
A strong conditioning assumption in this analysis is the application of a standard formulation of the Beverton-Holt SRR relationship (equation 1): (1) where recruitment (Rec t ) in year t is a function of the recruitment level observed in the virgin population (Rec 0 ), virgin spawning biomass (SpB 0 ), the spawning biomass in the previous year (SpB t -1 ), and the constants A and B. The constants A and B are derived from the steepness (h) of the relationship at 0.2 SpB 0 :
with the steepness (h) at 0.2 SpB 0 being defined by
This general form of stock-recruitment curve and h = 0.6 are widely used for Victorian blacklip abalone assessments (Gorfine et al., 2005 (Gorfine et al., , 2008 and is assumed for this study. The SRR assumed in this study is one fitted to long-term catch trends for the Kilarney Reef ( Figure 1 ). The relationship is relatively steep at low levels of breeding stock, implying that at low stock levels recruitment per unit of breeding biomass rises to relatively high levels, although the absolute amount of recruitment remains related to both the recruitment rate and amount of breeding biomass. This SRR implies a relatively rapid rebuild time (ten years) from the assumed 95% mortality event in 2007 even without rehabilitation. This assumption conditions the main results of this analysis. An alternative depensatory form of the SRR (Liermann and Hilborn, 2001) was also used to provide context for these results. The Beverton-Holt SRR assumes that the rate of recruitment per unit of spawning biomass increases monotonically as spawning biomass declines. Thus each unit of spawning biomass becomes increasingly effective as total spawning biomass declines. In contrast to this assumption, some abalone ecologists hypothesize that at low abundance, the productivity of each unit of breeding biomass declines disproportionately due to reduced rates of gamete fertilization, the Allee effect (Shepherd and Brown, 1993; Tegner et al., 1996) , and the overgrowth of coralline algal settlement surfaces otherwise kept clear by abalone grazing (Miner et al., 2006) . This is hypothesized to result in depensatory forms of SRR (Liermann and Hilborn, 2001) for abalone, so that below some threshold of adult biomass, low rates of recruitment prevent the population recovering naturally (Tegner et al., 1996; Miner et al., 2006; Stierhoff et al., 2012) . To a considerable extent, it was concern among WADA members about this potential phenomenon that gave rise to the interest in active forms of rehabilitation and this analysis. Assuming a depensatory form of SRR has a great impact on the results of this analysis, as the following modeled scenarios illustrate. The difficulty with incorporating this phenomenon into this analysis is that so little is known about the likely form of a depensatory SRR for any species. In their worldwide meta-analysis of stock assessments Liermann and Hilborn (2001) found little convincing evidence for depensatory forms of SRR, so there is no solid basis for describing the likely form of a depensatory SRR. In this modeling exercise, it is assumed that above a threshold level of spawning biomass (13 t), the SRR curve already applied in the model applies, and below this threshold, a constant level of low recruitment (200,000 0+ per annum) is assumed across all parental biomass levels below the depensatory threshold ( Figure 1 ). Without fishing, this level of recruitment brings the population to an unfished equilibrium with a breeding biomass of approximately 4 t. Within the constraints of this model, the threshold had to be set to ≥13 t; otherwise, the 5% of juvenile survivors of the viral epidemic mature to be greater than the depensatory threshold, which allows the population to eventually return itself to the normal productive form of the SRR and then rebuild naturally.
Mortality Rates
Assumptions about mortality rates of reseeded, translocated, and wild abalone also strongly condition this analysis. To develop these assumptions, approximately 65 scientific articles were collected and synthesized. The literature clearly shows that immediately following out-planting of juvenile seed and translocated adults, some level of additional mortality occurs above normal natural levels, but then the out-planted abalone experience similar mortality rates to natural stock. However, using the assembled literature to derive an age-or size-related mortality schedule, or to estimate the comparative difference in mortality rates between wild and out-planted abalone, is not straightforward.
Natural Mortality Rates of Wild Juvenile Abalone
The "normal" rate of juvenile natural mortality in wild abalone populations has been rarely studied. Shepherd and Breen (1992) noted that there are many more studies of the mortality of hatchery seed transplanted into the wild than of the natural mortality rates of wild juvenile populations. Shepherd and Breen (1992) and Shepherd et al. (2000) summarized the available data, creating a consistent if not concise picture showing that natural mortality rates are size and/or age related. The estimates used here (Table 2 ) are based on Figure 2 in Shepherd and Breen (1992) .
Mortality Rates of Translocated Adult Abalone
Very few studies on the translocation of adults have been published. The most substantial study is by Saito (1984) , who reported on a translocation program run from the 1950s through to the mid-1970s in six prefectures around Funka Bay on the southeast coast of Hokkaido, the northern most major island of Japan, just outside the natural range of abalone. The translocations involved a total of 4.72 t of abalone collected by fishermen from crowded low-growth potential areas on the southwest coast of Hokkaido and transplanted into an area of Funka Bay that was recognized as having good growth potential but no natural abalone stocks. On average, harvesting occurred two years after the transplantations began, and recovery rates were estimated for the five prefectures at 30.5, 22.8, 22.6, 25.8, and 2.3% . The lower recovery rates were attributed to the extreme eastern location of the newer grounds where conditions were not thought to be as favorable for the abalone. Prince (1989) used several techniques to estimate mortality rates of wild adult blacklip in Tasmania that were either tagged in situ or collected and translocated short distances before tagging and release. The abalone were handled carefully by researchers, and no significant tagging or translocation mortality was detected in either group of animals. This analysis assumed a range of mortality rates for translocated adults: 0, 1, and 10% (Table 2) .
Mortality Rates of Out-Planted Juvenile Abalone
Most of the experience and research on abalone reseeding comes from Japan, where Seki and Taniguchi (2000) reported that annual reseeding rates since 1980 have at times averaged as high as 150 million seed per annum. Hamasaki and Kitada (2008) synthesized Japan's experience with reseeding, estimating mean cumulative recapture rates 4-5 years after release as 0.014 to 0.238. Rates are thought to be influenced by fishing method, size of release, seed quality, release site and season, predators, prey and competitors, and interactions between these factors (Leber et al., 2004; Bell et al., 2005; Hamasaki and Kitada, 2008) . The essential feasibility of reseeding is demonstrated by the fact that across the various prefectures, seeded abalone comprised 7-84% of the abalone landed (Hamasaki and Kitada, 2008) . Outside Japan, there has also been considerable research. In southern California, a wide range of stock enhancement studies have been conducted with the view to rehabilitating depleted stocks, involving releases of both hatchery-produced larvae and juveniles and the translocation of wild adults (Tegner, 2000; Bell et al., 2005) . In New Zealand, Australia, and South Africa, larval and juvenile releases have also occurred at experimental scales with the aim of studying optimal release conditions, indicative survival rates, and potential costs and benefits (Bell et al., 2005) .
Recovery rates of seeded abalone in non-Japanese studies have generally been far lower than those observed in Japan. Some researchers (e.g., Tegner and Butler, 1985; McCormick et al., 1994) attributed this difference primarily to the lower number of predators they assume exist on Japanese fishing grounds due to heavy fishing pressure, but it seems likely that fundamental differences in the scientific designs of the studies also contribute to this result. In Japan, recovery rates of cohorts released into the fishing grounds have been documented some years after release, once the seeded cohorts have grown, fully recruited to the fishery, and been fished out. This provides an accurate estimate of overall recovery rate for each cohort, because the recovery process continued until the entire cohort had emerged from the cryptic juvenile habitat. However, this approach also obscures the annual rate of mortality in each year because the individuals in each cohort are captured after, and over, several years. By way of contrast, non-Japanese studies tend to have been relatively limited in spatial extent and time span. In these, hundreds to thousands of seed were released experimentally into relatively small areas and recovered after one or two years by research divers before the seeded abalone have completely emerged from their juvenile habitat within the interstitial spaces of rocky reefs. Theoretically, these data should be easier to use in this study, as the time at liberty over which mortality has occurred is more easily determined and the rate of mortality over time should more easily be estimated. Unfortunately, it is often unclear as to what extent the low recovery rates of non-Japanese studies reflect actual mortality rates, or loss from study sites through movement, and/or under-sampling of cryptic juvenile age-classes. Among the non-Japanese studies, the most useful results come from those studies that incorporated into their experimental design the estimation of these confounding factors (e.g., Dixon et al., 2006) . Unfortunately, studies of this quality are rather few. Another approach has been to set up enclosed or isolated experimental habitats designed to be dismantled at the end of the study so that something approaching 100% of surviving juveniles could be recovered (Schiel, 1992; Dixon et al., 2006) . The weakness of this third approach is the confounding influence of the experimental structure itself on observed mortality rates (e.g., Schiel, 1992) . From the perspective of this study, it is unfortunate that there have been very few simultaneous comparative studies of both wild and reseeded mortality rates. The only parallel comparative study of wild and reseeded abalone survival rates (Schiel, 1992) observed a 40% higher mortality rate for reseeded H. iris during the first year of release compared to similarly sized wild abalone placed in the same experimental enclosures.
Re-Analysis of Mortality Rates of Out-Planted Juveniles
The Japanese estimates of seeded mortality rates were reanalyzed with the aim of converting their multiple annual rates into a range of estimates for use in this analysis and for comparison to the results from outside Japan for wild stock mortality rates. Plots presented by Hamasaki and Kitada (2008) of the cumulative recovery rates of 49 cohorts of abalone released by fishery from 1-4 years after release, and cumulative captures have tended to reach a plateau at 4-5 years after release. Consequently, they treated cumulative recapture rates at 4-5 years after release as the overall recapture rate. Kojima (1995) conveniently tabulated recovery profiles by years at liberty for ten released cohorts starting with the 1980 cohort. By Hamasaki and Kitada's (2008) criteria, six of these cohorts were fully recovered by the time Kojima compiled his figures. For this study, the numbers in Table 3 of Kojima (1995) were transformed in to the proportion of each cohort recovered by age of the cohort and used to estimate a mean time at liberty for these cohorts, which was estimated as 3.16 years. From this, the best estimate of survival of reseeded abalone in these Japanese programs is estimated to be approximately 12.5% over about three years at liberty. This estimate of a mean recovery rate for reseeded abalone is placed into context by Seki and Taniguchi (2000) who used the assumption of 10% survival to estimate the number of seed needed in Miyagi Prefecture in northern Japan to achieve an eventual stock density of one abalone/m 2 .
Model Assumptions about Mortality Rates
In this context, the assumptions used to derive estimates of mortality rates were:
1. That in the western zone, blacklip abalone would be seeded at around 20-30 mm and 1 year of age, similar to the Japanese practice. 2. That during the first year at liberty, reseeded juveniles will have approximately 40% higher mortality rates than wild abalone in their second year of life, which is their first year in the wild. 3. That in subsequent years, both wild and reseeded juveniles experience the same mortality/survival rates. 4. That juvenile and adult survival rates should be consistent with the literature.
Using these assumptions, the mortality schedules shown in Table 2 were developed for the model's base case. The schedule reproduces the average survival rates observed across the Japanese studies (about 12.5% at 4 years of age) and the 40% survival differential observed by Schiel (1992) . These schedules do imply slightly higher survival rates for wild stock abalone than has been observed across the various studies reviewed by Shepherd and Breen (1992) , but this assumption is applied equally to all scenarios, so this difference is not considered material to this analysis.
Cost-Benefit Analysis
Overall economic performances were quantified by comparing the impairment of the value of the abalone stock, or net present value (NPV), under each scenario. The benchmark used to compare the differing approaches is the value of the stock at B MSY , discounted according to the time taken to return the stock to B MSY through the natural rebuilding of the stock without fishing. In this model, B MSY equates to a residual breeding biomass after fishing of about 65 t, producing an annual yield of about 33 t per annum. The capitalized value of the resource, or present value (PV), can be estimated from the value of the ITQ for the fishery, which authorizes the distribution of catches. The stakeholders' workshop agreed that prior to the virus, the capital value of western zone quota was approximately seven times the value of the catch. For this analysis, the capital value of the resource in 2006 prior to the AVG epidemic is estimated on the basis of its estimated MSY (33 t) rather than the average catch (28 t) prior to the viral epidemic, which is estimated to have been sub-optimal because the legal minimum size was too large for this stock: scenarios have been gauged:
comparative impaired value (CIV) = IV Nat. Rehab. − IV Active Rehab. (7) In the case of the active rehabilitation scenarios, the cost of the initial rehabilitation strategy are compounded over the time taken to rebuild back to B MSY and subtracted from the NPV of the rebuilt stock to estimate its IV (IV Active Rehab. ).
Positive CIVs indicate that a rehabilitation scenario has greater cost-benefit than natural rehabilitation, while negative values indicate the rehabilitation scenario has less cost-benefit than natural rehabilitation.
RESULTS

Preliminary Analysis
In the initial phase of this analysis, a wide range of alternative rehabilitation scenarios were explored simply in terms of costs over income, with no accounting for capital costs. The aim of this preliminary analysis was to narrow the range of rehabilitation scenarios used in the subsequent more detailed analysis to those likely to provide the most cost-benefit. Figure 2 depicts typical output from the model, in this case, predicted spawning biomass trajectories for the larger, more effective rehabilitation strategies selected from initial simulations in comparison to the trajectory predicted with natural rebuilding. The most intensive translocation strategy depicted rebuilds the spawning biomass to >75 t in the initial year entirely through the process of translocation, while the other depicted translocation scenarios rebuild the breeding biomass more slowly to B MSY (63 t) in 2015 through a combination of translocation, growth, and recruitment. In contrast, the depicted reseeding scenarios rebuild the breeding biomass, more gradually reflecting the time reseeded juveniles take to grow and mature. Figure 3 depicts the simple profit loss estimates from a range of three-year reseeding scenarios commencing in 2010, three years after the epidemic. Estimated net income ($AUD) above the level expected from the natural rehabilitation strategy is Figure 3 Predicted profit or loss estimates, excluding capital costs, from a range of three-year reseeding scenarios commencing in 2010 three years after the AVG epidemic. Estimated net income ($AUD) above the level expected from natural rebuilding is shown for the reseeding scenarios (100,000-1,500,000 seed/annum) in the left-hand panels for a range of seed ($0.40, $0.50, $0.60/seed) and abalone prices ($20, $25, $40/kg), while the estimated rate of return on the cost of these scenarios is depicted in the right-hand panels. shown for the selected reseeding scenarios (100,000-1,500,000 seed per annum for 3 years) in the left-hand panels for a range of seed ($0.40, $0.50, $0.60/seed) and abalone prices ($20, $25, $40/kg), while the estimated rate of return on the cost of these scenarios is depicted in the right-hand panels. This preliminary analysis suggested that reseeding strategies of around 500,000 per year for 3 years should be marginally more profitable than smaller or larger alternatives. Positive net incomes were estimated to only occur when the price of abalone exceeded >$25 or the cost of seed was <$0.50. Overall, the scenarios depicted rates of return, excluding capital costs, ranging from -35 to 75%. Figure 4 depicts a comparative range of translocation scenarios; again, the estimated net income ($AUD) above that expected from the natural rehabilitation scenario for the translocation scenarios (5,500-100,000 adults per annum for 3 years) are depicted in the left-hand panel, and the estimated rate of return on costs for each scenario are depicted in the right-hand panel. Estimates of net income and return are provided across the range of abalone prices ($20, $25, 40/kg). This preliminary analysis suggests that 3-year translocation strategies of around 20-40,000 adults per annum should be more profitable than smaller or larger alternatives, potentially producing a net income of $200,000-$600,000, a return of 20-50%, not accounting for the cost of capital. Across all the scenarios, depicted returns, excluding capital costs, ranged from -5 to 100%. Only those translocation scenarios (100,000 adults/year for 3 years) that stocked well in excess of B MSY (the predicted biomass that generates the maximum sustainable yield) were estimated to produce negative net incomes. The analysis suggests that the price of abalone makes very little difference to the expected rate of return from translocation. It should be noted, however, that price stability is assumed so that abalone are bought for translocation and sold for income at the same price. It would be expected that assuming a lower purchase price than sale price would make scenarios more profitable, while a falling price would reduce profitability.
On the basis of being the most profitable scenarios for each rehabilitation technique and of having comparable cost structures, base-case scenarios for reseeding (500,000 seed/annum for 3 years) and translocation (27,000 adults for 3 years) were selected for further analysis and have been used exclusively through the following analysis and discussion. Figure 5 illustrates the concept of CIV, used subsequently in Figure 6 to compare the economic performance of selected rehabilitation scenarios across the complete matrix of parameters analyzed (Table 3) . For this analysis, the metric used to compare the differing scenarios is the capitalized value (7x) of the catch (33 t) at B MSY discounted by the time taken to return the stock to B MSY and accounting for the compounded cost of the rehabilitation strategy. Catches ceased in 2007 following the virus, and according to the population model, the population will not recover naturally to B MSY level until 2017 ( Figure 2 ). Accepting this as the base case, the epidemic can be estimated to have impaired the capital value of the original asset by discounting the 2006 capital value over the ten years without income needed to naturally rehabilitate the stock to B MSY . Using a discount rate of 5% and a price of $25/kg for blacklip abalone, the process of natural rebuilding following the AVG epidemic can be estimated to have reduced the capital value of the asset from $AUD 5.77 million to $AUD 3.28 million ( Figure 5A ). This estimated IV for natural rehabilitation (5.77 -3.28 = $2.49 million) is used as the benchmark against which the other rehabilitation scenarios can be compared by subtracting the IV estimated for each active rehabilitation scenario ( Figure 5B ). Positive CIVs indicate that an active rehabilitation scenario increases the NPV of the rebuilt resource relative to natural rehabilitation, while negative values indicate that an active rehabilitation scenario reduces the NPV of the rebuilt resource, relative to natural rehabilitation. The scenario with the greatest CIV provides the greatest cost-benefit.
Incorporating Capital Costs
The model suggests that the natural rebuild scenario recovers the stock to B MSY by 2017, while scenarios which translocate 27,000 adults/year for 3 years beginning in either 2008 or 2010 Figure 5B shows comparative IV ($AUD millions) relative to natural rehabilitation for four active rehabilitation scenarios involving the translocation of 27,000 adults/annum from 2008-2010 or from 2010-2012, and reseeding 500,000 juvenile abalone/annum from 2008-2010 or from 2010-2012. For both panels, abalone are assumed to be worth $AUD 25/kg, seed abalone are $AUD 0.4, and the discount rate is 5% (color figure available online). recover the stock to B MSY in 2015 and or the last quarter of 2015, respectively, but with the additional cost of the rehabilitation programs. Combining these factors makes it possible to estimate that these programs result in the impaired capital value of the asset being $AUD 2.99 million and $AUD 2.77 million, respectively. Subtracting the IV estimated under natural rehabilitation ($2.49 million) from these estimates suggests the CIV of these two active rehabilitation scenarios are $AUD -0.50 million and $AUD -0.28 million, respectively. In this way, the concept of IV provides a single metric for incorporating capital costs and comparing a range of differing scenarios ( Figure 5B ).
In Figure 6 , the estimated CIVs for scenarios encompassing the entire matrix of assumed parameters (Table 3) are plotted as frequency histograms. This figure compiles the results of 45 translocation and 81 reseeding scenarios each, for 3 differing sets of assumptions about the timing of active rehabilitation and speed at which the stock is assumed to recover. Given the temporal context of this study, it was initially assumed that (Table 3) . Histograms are presented for each of three sets of reseeding and translocation scenarios, two of which assume maturation times typical of blacklip abalone (ten years) and active rehabilitation during 2008-2010 or 2010-2012, while one set assumes a shorter maturation time typical of greenlip abalone (five years). Translocation scenarios assumed 27,000 adult abalone/year for 3 years, and the histograms are comprised of 45 scenarios; reseeding scenarios assumed 500,000 seed/annum for 3 years, and the histograms are comprised of 81 scenarios. three years of active rehabilitation could begin in 2010, the year after this analysis was first performed, three years after the AVG epidemic affected the Kilarney Reef, and continue over the following three years (2010) (2011) (2012) . These scenarios suggested that while the natural rebuild translocation scenarios resulted in a mean CIV of $AUD -0.6 million and a range of $AUD -1.4 and -0.2 million, reseeding resulted in a mean CIV of $AUD -0.49 million and a range of $AUD -1.0 and 0 million. The difference between these two profiles is principally comprised of reseeding scenarios for which it was assumed that seed would be cheap and the value of the catch high, while the translocation scenarios all assumed that the inputs and outputs would have the same relative value.
During the preliminary phase of the analysis, it was observed that the relative benefit of rehabilitation was maximized with relatively small interventions that boosted stock levels up the initially very steep portion of the stock-recruitment curve (Figure 1) and that larger and later interventions that built up stock levels when the stock was already on the flatter part of the stock recruitment curve produced relatively less benefit. Considering that at that time the AVG epidemic was still advancing eastward along the coast and infecting new reefs, it was decided to estimate the benefit that would have resulted if rehabilitation had been commenced in the year following the epidemic (2008-2010) when stock levels would have been lower. These scenarios suggested that compared to natural rebuild, the translocation scenarios resulted in a mean CIV of $AUD -0.51 million and a range of $AUD -1.2 and -0.2 million, while reseeding resulted in a mean CIV of $AUD -0.41 million and a range of $AUD -1.0 and 0 million.
Thus across the matrix of parameter values for blacklip abalone, when the cost of capital is considered at 3, 5, or 7%, none of the active rehabilitation scenarios produced any cost-benefit relative to an unfished natural recovery. Across the scenarios modeled, translocation was estimated to always at least pay for direct costs but did not always cover capital costs, while reseeding only covered direct costs if the price of abalone was <$25/kg and seed <$0.50 per individual. The translocation of adults and reseeding with juveniles were found to produce a similar level of cost-benefit, apparently reflecting the steepness of the assumed SRR at low stock levels and the similar cost of the rehabilitation scenarios analyzed.
Observing that intervening earlier in the recovery strategy and producing quicker recoveries improved the CIV from active rehabilitation, it was initially reasoned that a species with a shorter life span would be less impacted by the assumed discount rate. Thus, it seemed superficially reasonable to suppose that a greater cost-benefit might result from the active rehabilitation of greenlip abalone (H. laevigata), a faster-growing youngermaturing minor species also affected by the AVG epidemic. To test this, the blacklip model was modified assuming growth to full adult size and fecundity in five years, rather than the ten years assumed for blacklip abalone. All other aspects of the model remained the same. With these scenarios, active rehabilitation was assumed to begin in the year following the epidemic. In contrast to initial expectations, the CIV estimated for these scenarios was lower. These scenarios suggested that compared to natural rebuilding, the 45 translocation scenarios resulted in a mean CIV of $AUD -0.92 million and a range of $AUD -1.5 and -0.5 million, while the 81 reseeding scenarios resulted in a mean CIV of $AUD -0.75 million and a range of $AUD -1.2 and -0.2 million.
These results suggest there is less cost-benefit from actively rehabilitating species with shorter lag times to maturity. While initially counter-intuitive, this result arises from the fact that with shorter recovery times, the epidemic is estimated to result in less impairment of the original capital value. Consequently, the fixed costs of rehabilitation strategies are relatively greater, making active rehabilitation proportionally more costly. This suggests that active rehabilitation is likely to provide the greatest cost-benefit for species with higher ages of maturity and longer lag times to recovery.
Depensation
When a depensatory form of the SRR is assumed, no recovery can begin until adult abundance is boosted above the depensatory threshold and the model predicts no recovery after the epidemic without intervention. This assumed lack of a recovery in the natural rehabilitation scenario means this scenario can no longer be used as the benchmark for evaluating the alternative active rehabilitation scenarios. Instead costs are compared between active rehabilitation scenarios with equivalent outcomes.
For this example, a single reseeding or translocation the year following the epidemic (2007) has been assumed, together with costs of $0.40/seed and $25/kg for adult abalone. Figure 7 shows the expected results from reseeding with 50,000-11 million juveniles ( Figure 7A ) and translocating 1,000-20,000 adults ( Figure 7B ) in 2007; the cost of these strategies (in 2007) is shown on the X-axis, while on the Y-axis is plotted the absolute value of the catch lost under each scenario over the decade 2017-2026, relative to the Catch MSY (33 t/annum) that could optimally be taken during that period. Note that in this simple exercise there is no adjustment for the time value of money, and no discounting factor has been applied to the estimated the value of the 2017-2026 catches to account for the different population trajectories predicted for the different scenarios (i.e., 0 on the Y-axis = 33 t/year × 10 years × $AUD25/t).
The depensation model suggests that reseeding 9.5 million juveniles at a cost of $AUD 6.1 million and translocating 19,000 adults at a cost of $AUD 218,000 would be equally effective in rehabilitating the stock to the B MSY level of harvest (33 t per annum) by 2017 ( Figures 7A,B ). This marked difference between the cost of reseeding and translocation reflects the mechanisms and time lags underlying the two rehabilitation strategies. The translocation of 19,000 adults boosts the stock above the depensation threshold within 1 year (2008) of the viral epidemic, enabling population growth to follow a trajectory similar to the natural rehabilitation scenario in Figure 2 , restoring B MSY levels of productivity by 2017. In contrast, the reseeding scenario builds the breeding biomass more slowly through the growth of the augmented juvenile cohort so that the depensatory threshold and productive levels of recruitment are not attained until 2011; this delays the rebuilding of the stock's natural productivity by three years. Consequently, in this scenario, the B MSY level of harvest (33 t per annum) is restored by 2017, not initially through recruitment processes but through the "sea ranching" of the reseeded juveniles. In this scenario it takes several years longer Figure 7 Predisted effects of reseeding with 50,000-11 million hatchery juveniles or translocating 1,000-20,000 adults in 2007 under the assumption of a depensatory SRR (Figure 1) . The cost of these strategies (which assume AUD $0.40/seed and $AUD 25/kg for translocated adults in 2007) is shown on the X-axis, while on the Y-axis is the absolute value of the catch (assuming $AUD 25/kg) lost under each scenario from 2017-2026 relative to the Catch MSY (33 t/annum) that could optimally be taken during that period. Note there is no adjustment for the time value of money, and no discount factor has been applied to the estimated value of the 2017-2026 catches (i.e., 0 on the Y-axis = 33 t/year × 10 years × $AUD 25/t).
(2020) for the stock's recruitment processes to sustain the B MSY level of harvest.
The irregular shapes of the curves plotted in Figure 7 should also be noted, which are the result of the interplay between the depensatory threshold and the time lags involved in the growth and mortality the abalone (surviving, reseeded, and translocated). In Figure 7 , the abrupt increase in the 2017-2026 catch that occurs around a $AUD 0.3 million level of reseeding occurs because of an interaction with the assumed maturity ogive by which the leading edge of the maturing cohort becomes large enough by itself to boost the breeding stock above the depensation threshold, restarting the stock natural rebuilding processes. In Figure 7B , the curve is initially flat with translocations worth <$AUD 60,000, and all have the same lack of effect because they fail to boost the stock above the depensatory threshold. Although less obvious due to the scaling of the X-axis in Figure 7 , a range of small scale reseedings also fail to boost the stock above the depensatory threshold, producing the same lack of effect. These results suggest that if depensation exists, prior knowledge about the form of the depensatory SRR becomes critically important, particularly the threshold level for biomass, so that an effective rehabilitation program can be planned.
These scenarios obviously grossly simplify the situation; logistical issues and density dependent effects would undoubtedly prevent most of these scenarios being applied in reality; however, they serve to illustrate the differences depensatory processes make to this analysis.
CONCLUDING DISCUSSION
This study appears to be the first time a fully specified quantitative population model has been used to analyze the biological and economic processes underlying the rehabilitation of abalone reefs and one of the first attempts to apply stock assessment techniques to the broader field of analyzing cost-benefits of stock enhancement. Many of the results are relatively predictable, including the critical importance of cheap sources of seed and/or brood stock and the discount rates assumed, which determines the cost of capital. Within the range of assumptions used, this analysis clearly shows that in the absence of a depensatory form of SRR, there are no economic benefits to be derived from the active rehabilitation of blacklip abalone stocks in Victoria, Australia.
This result is, however, largely determined by the relatively high cost of seed abalone and broodstock, which is counterbalanced to some extent by the relatively low discount rates assumed. All of these assumptions were specified by the stakeholders workshop conducted prior to the analysis being conducted. The relatively high cost of seed when compared to Asian prices are indicative of the low volumes of seed being produced in Australia and the fact that the Victorian hatchery managers represented in the stakeholders group do not routinely culture blacklip abalone because their cryptic behavior is more difficult to manage in culture tanks than that of the greenlip-blacklip hybrids. The agreed price of seed assumes that specialized facilities would need to be developed and paid for by the price and volume of seed required by the rehabilitation program itself. In other locations and with other species, or if the scale of rehabilitation planned were greatly expanded in Victoria, this cost structure might be substantially reduced.
The price of translocated brood stock agreed by the stakeholder workshop was determined by the prevailing market price for abalone. Many Australian abalone fisheries have areas of low growth potential where relatively virgin accumulations of sublegal-sized abalone can be found but not legally caught. Due to the limited dispersal ability of abalone, these stocks contribute little if anything to the productivity of abalone stocks across the broader area of the fisheries (Prince et al., 1987 (Prince et al., , 1988 Temby et al., 2007) . Working with local regulators under specific per-mits, these might provide cheaper sources of brood stock for translocation. However, in the context of the western zone of Victoria these higher-density low-growth potential areas were subject to the highest impact from the AVG virus, the Kilarney Reef modeled here being one such area. Thus in the context of the western zone of Victoria and the AVG virus, this opportunity is precluded, leading the stakeholder group to agree that brood stock should be valued at full market value.
When presented to the Symposium on Stock Enhancement and Sea Ranching, this study attracted comment to the effect that the range of discount rates assumed were artificially lower than commercially available rates. There was also a local context leading to the stakeholder group requesting this range be analyzed. Most of the quota in the western zone is owned by financially well-established stakeholders who have owned their fishing entitlements since the beginning of the fishery in this region. These stakeholders have strong personal, and not entirely economic, interests in recovering the stocks and would be intending to act as their own bankers if rehabilitation were to proceed. They approached the issue of discount rates in relation to the rate they would receive if they were to invest their money with banks in the current relatively low-interest environment, rather than from the perspective of the cost of borrowing the money from some other party who would be looking to profit from the loan itself. Of course this context does not change the fact that the assumed discount rates may be lower than commercially available rates of interest, flattering the resulting cost-benefit analysis.
In addition to the assumptions used about prices and discount rates, these results and their general applicability are strongly conditioned by three further assumptions used in the model. The first of these concern the initial mortality rate of out-planted seed and broodstock selected for use in this analysis on the basis of Japanese studies, and which non-Japanese researchers suggest are likely to be lower than that experienced on more lightly fished Australian reefs. If the results to date of reseeding studies conducted with blacklip had been accepted at face value and used in this analysis, the results would have indicated that even less benefit could be derived from reseeeding. In this context, the lack of direct comparisons of the mortality rates of wild and hatchery-produced juveniles is a major limiting factor, which results in a degree of irreducible uncertainty in this regard. This study could only attempt to address this issue by using a likely range of mortality values.
The length of time taken by blacklip abalone in Victoria to grow through into the spawning stock is 5-10 years with full adult weight and fecundity being attained at around 10 years. This extended lag time determines that both active rehabilitation techniques incur high compounded costs, which are not incurred in naturally rebuilding scenarios, and superficially, this would appear to mitigate against the cost-benefit of active rehabilitation for late-maturing species. The initially counter-intuitive result of this study is that catastrophic stock declines result in less impairment to the value of earlier maturing species, making fixed-price active rehabilitation strategies relatively more expensive than for species with longer juvenile phases and greater rebuilding lag times.
The strongest conditioning assumption in this analysis is the standard form of the Beverton-Holt SRR. This form of SRR is widely applied in fisheries assessment in general, specifically for the Victorian abalone fishery (Gorfine et al., 2005 (Gorfine et al., , 2008 . The stock dynamics it prescribes are consistent with the data from the Victorian fishery and the recovery rates observed since the AVG epidemic (Gorfine et al., 2005 (Gorfine et al., , 2008 . The steepness of this SRR as it approaches the origin (0.6) implies that natural rebuilding proceeds rapidly at low levels of biomass, dwarfing the additional benefit provided by either form of active rehabilitation. Within that broader result, this analysis demonstrated that rapidly boosting spawning biomass up the steepest part of the SRR curve immediately following depletion provides the greatest cost-benefit. Later interventions, and interventions to stock levels closer to carrying capacity, provide less cost-benefit. In this analysis, the initial depletion was assumed to be 95%, assuming a greater degree of depletion might have been sufficient to produce a positive cost-benefit from active rehabilitation.
Some abalone ecologists hypothesize that abalone have a depensatory form of SRR so that below some threshold level of adult biomass recruitment rates decrease disproportionately (Shepherd and Brown, 1993; Tegner et al., 1996; Miner et al., 2006; Stierhoff et al., 2012) . The researchers who originally hypothesized depensatory effects for abalone (Shepherd and Brown, 1993) used the concept to explain the shape of a standard Ricker SRR curve at low densities, which they fitted to data for greenlip abalone, describing recruitment rates that increased rapidly when fishing mortality was reduced (Shepherd and Partington, 1995) . As with the Beverton-Holt SRR assumed here, the Ricker SRR implies that rapid rebuilding is possible from low biomass levels, although the form of the curve has an inflexion point at low biomass levels. It was subsequent researchers (Tegner et al., 1996; Miner et al., 2006; Stierhoff et al., 2012) who hypothesized that a depensatory form of SRR might explain the apparent lack of recovery observed in some abalone populations, and to a considerable extent, it was concern among stakeholders about this phenomenon that gave rise to this analysis.
None of the studies that have hypothesized depensatory dynamics (Shepherd and Brown, 1993; Tegner et al., 1996; Miner et al. 2006; Stierhoff et al., 2012) have been able to exclude continuing sources of additional mortality for the studied populations (e.g., withering foot and illegal fishing pressure) from preventing natural rebuilding. In the absence of continued fishing or additional disease-induced mortality, abalone aggregations have been observed to be relatively mobile, reforming following depletion and in relation to breeding cycles (Ault and Demartini, 1987; Prince 1989 Prince , 1992 Shepherd, 1986a,b; Shepherd and Partington, 1995) . This mobility would seem to provide a mechanism by which abalone populations can counteract the influence of depensatory effects, enabling small populations to grow. Should such mechanisms be lacking, it would evoke the evolutionary conundrum of how a species without the ability to build larger populations from small populations ever evolves in the first place or persists over geological time scales. How can a species ever get a start in the evolutionary race, or persist through catastrophic events, if numerically small populations cannot increase in number? Thus, the evidence for depensatory forms of SRR in abalone is exceedingly weak, a conclusion supported more broadly for fisheries by Liermann and Hilborn's (2001) global meta-analysis.
It is worth noting that the Kilarney population modeled here is now being observed by WADA members to be unambiguously recovering without artificial assistance. Consequently, there is now no interest among WADA members for any form of assisted rehabilitation. Whether this is evidence for the lack of a depensatory SRR in this population or is due to the fact that the viral epidemic did not deplete the population below some depensatory threshold remains open to debate.
Nevertheless the limited amount of depensatory modeling conducted here demonstrates that assuming a depensatory form of SRR has a great impact on the results of this analysis. If depensatory forms of SRR exist, it becomes extremely important to understand the form of the SRR prior to the depletion of the population. In particular, knowledge about the magnitude of the depensatory threshold is critical. As a depleted population that remains above the threshold will naturally recover relatively rapidly, while a population depleted to below the depensatory threshold will be unable to recover without intervention. In the latter case, rehabilitation strategies must be scaled correctly to boost the population above the depensation threshold, or the resources invested in rehabilitation will be entirely wasted.
Finally, this example shows that if a depensatory SRR exists, the rehabilitation strategy that most quickly boosts the stock above the depensatory threshold and restores the natural productivity of the stock is likely to provide a disproportionate cost-benefit. In this case, the translocation of adults was modeled as being an order of magnitude less costly than reseeding juveniles because it restored the stock's natural productivity within 1 year of the viral depletion, while reseeding took 3-7 years to achieve the same effect. No doubt that if the depensatory mechanism had been modeled to involve the abundance of 2+ juveniles rather than adults, this result would be reversed and reseeding would have be estimated to provide the most rapid effect. This simply reinforces the conclusion that if depensatory forms of SRR exists, understanding their form is critical prior to planning stock enhancement programs.
